Electrode materials selection guidelines for oxide-based memory devices are constructed from the combined knowledge of observed device operation characteristics, ab-initio calculations, and nanomaterial characterization. It is demonstrated that changing the top electrode material from Ge to Cr to Ta in the Ta 2 O 5 -based memory devices resulted in a reduction of the operation voltages and current. Energy 
I. INTRODUCTION
The field of material engineering is driven by the dependence of emerging and future technologies on the generation of economic methods that can enhance the performance of portable electronic devices beyond miniaturization. Metal oxide-based memories, such as the resistive random access memory (RRAM), with its fast switching speeds, high endurance, low energy consumption, and CMOS compatibility, has attracted much interest as its applications extends to high-end nonvolatile embedded memory for neuromorphic computing and the Internet of Things. [1] [2] [3] [4] [5] An oxide-based RRAM device typically consists of an oxide layer sandwiched between top (TE) and bottom (BE) electrodes, where the memory effect occurs as insulator resistive switching (RS) between high and low resistance states driven by external electrical bias. Since oxygen vacancies, V O , are the most common defects in metal oxides, it is widely accepted that the RS relies on the dynamic migration of V O , whose distribution and concentration significantly affect the electrical resistance. 6 Charge trapping and de-trapping, thermochemical reactions, and insulator-to-metal transition may also be involved since the origin of the RS phenomenon remains controversial. 6 To improve the control of the RS behavior and reduce the power consumption, most studies are focused on engineering the sandwiched memory layer. However, extensive research to decipher the link between device RS characteristics and the electrode material, in conjunction with its interface to the oxide, is severely lacking. In fact, electrodes significantly affect the RS behavior and device performance through direct modification of the Schottky barrier height at the electrode/oxide interfaces and the V O density within the metal-insulator-metal structure. 7, 8 For instance, it has been shown that the RS performance in ZrO 2 , NiO, TiO 2 , HfO 2 , and Ta 2 O 5 memory devices can be modified by various electrode material configurations. [9] [10] [11] [12] [13] [14] Usually, the TE material is chemically active so as to scavenge oxygen ions from the metal oxide to create a particular amount of V O essential for reliable RS, whereas the BE material tends to be inert. However, it is unclear precisely which basic physical and chemical properties of the electrode materials control the RS performance. Previous studies 3 on the effect of oxygen-scavenging TE materials on a particular metal oxide tend to be based mainly on the standard Gibbs free energy of interfacial oxide formation. 8, 9, 15 This is inadequate since other factors such as the interfacial reactions, metal work functions and redox reactivity (oxygen chemical potential)
should also be included for a more extensive study. Moreover, less work is done on understanding the role of the BE and Pt, which has serious etch issues with standard CMOS processes, is the most commonly used BE material. Thus, it is imperative to study the impact of the electrode material on V O formation and RS characteristics of oxide-based memory devices such that clear strategies can be developed for engineering the electrode/oxide interfaces to achieve low power and reliable RRAM performance without compromising CMOS compatibility.
Here, we systematically study the impact of different TE (Ta, Cr, and Ge) and BE materials (Ru, Pt, [18] [19] [20] [21] [22] [23] [24] [25] [26] However, the understanding of the energetics of the V O and the correlation between the material properties and device performance remains limited. Here, we calculate the defect formation energies and oxygen chemical potentials of the V O for each electrode material used in the Ta 2 O 5 -based RRAM. In addition, we derive the Schottky barrier heights at the electrode/Ta 2 O 5 interface to correlate to the observed experimental and theoretical trends. These insights enable us to propose a unified model for RRAM electrode materials selection which can optimize device 4 RS parameters with better performance, thus advancing the commercialization of metal oxide-based RRAM. Fig. 1(a) shows a schematic of a TE/Ta 2 O 5 /BE device structure whereas the cross-sectional transmission electron microscope (TEM) image in Fig. 1(b) shows a magnified view of the TE/Ta 2 O 5 /BE stack where the 5 nm thick Ta 2 O 5 film is sandwiched between 40 nm thick TE and BE films. The devices are fabricated according to the standard process flow in Fig. 1(c) temperature in air using the Keithley 4200 semiconductor parameter analyzer where bias is applied to the TE with the BE grounded. We use the TEM equipped with scanning TEM (STEM) mode and an energy dispersive X-ray spectroscopy (EDX) to perform composition characterization and to disclose the distribution of the oxygen element in the devices.
II. EXPERIMENTS
We employ the plan-wave pseudopotential code CASTEP to investigate the energetics of the atomic processes related to the materials selection. The PBE-style generalized gradient approximation is used to calculate exchange-correlation energy. The default ultra-soft pseudopotential is used with a cutoff energy of 400 eV. The defect structure is optimized with a residual force of 0.01 eV/A. The amorphous Ta 2 O 5 structure is obtained by quenching from equilibrium at 3000 K with ab-initio molecular dynamics. A 144-atom model is used for defect calculation while a 225-atom model is compared to verify that the size-effect is negligible.
III. RESULTS AND DISCUSSION
We investigate the effect of different TEs (Ta, Cr, and Ge) on the RS characteristics of the amorphous Ta devices. We observe a clear trend in which both operation voltages increase from the Ta TE based devices to the Cr and then the Ge TE memory devices. The Ta TE devices possess extremely low operation voltages, where the V SET and V RESET are significantly reduced by about 40 % and 30 % when compared to the Cr and Ge TE devices, respectively. Besides operation voltages, the reset current, I RESET , is another important memory parameter that requires optimization as it will influence the power consumption which determines the memory density. 27 The I RESET is the specific current that corresponds to the V RESET when the device switches from low to high resistance state. Since I RESET is usually the absolute maximum current during each switching cycle, it is also regarded as the programming current.
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Analogous to the trends for the operation voltages, the mean I RESET increases from Ta to Cr to Ge TE, as seen in Fig. 2(c) . The Ta/Ta 2 O 5 /Pt devices show significant reductions of 78 % and 83 % in the I RESET as compared to the Cr and Ge TE devices, respectively.
We then evaluate the impact of the BE material by replacing the Pt in the Ta/Ta 2 O 5 /Pt structure with two CMOS compatible metals, Ir and Ru. Ta is used as the TE since the TE study has shown that the Ta TE devices yield the best performance. Bipolar RS is observed for all Ta/Ta 2 O 5 /BE structures using Ru, Pt, or Ir as BE as seen in Fig. 2(d) . Data is collected using the same considerations mentioned in the TE study. We observe the same trend for both the operation voltages ( Fig. 2(e) ) and I RESET (Fig. 2(f) ) where they increase when the BE is changed from Ru to Pt to Ir. However, the improvements are of a lesser degree than that is observed in the TE study. Regarding the V SET , the Ru BE devices show reductions of 4 % and 17 % over the Pt and Ir BE devices, respectively. Similarly, the V RESET of the Ru BE devices shows reductions of 5 % and 17 % as compared to the Pt and Ir BE devices, respectively. Likewise, I RESET shows a decrease of 2 % and 27 % in the Ru BE devices in comparison to the Pt and Ir BE devices. From the device performance study, it is clear that there exists a correlation between the material property of the electrode and the RS performance metrics. In addition, the TE material has a more significant impact on the RS performance as compared the BE material. Moreover, we find that using Ta TE and Ru BE results in low current and operation voltages, while assuring compatibility with CMOS standard processes.
In order to gain insights into the effect of different electrode materials on the RS parameters of Ta 2 O 5 -based memory devices, we perform TEM and EDX analysis on the respective TE/Ta 2 O 5 /Pt and Ta/Ta 2 O 5 /BE devices that were subjected to electroforming and 50 consecutive bipolar switching cycles. (Figs. 3(a)-3(c) ). Analysis of the EDX line profiles and the Ta to O ratios clearly shows that different TE materials scavenge oxygen from the amorphous Ta 2 O 5 thin film at different degrees.
We find that the Ta to O ratio is almost 1 to 1 for the Ta TE device, which strongly suggests that Ta scavenges the most oxygen ions from the Ta Similarly, EDX is also employed to characterize the Ta/Ta 2 O 5 /BE structures with Ru, Pt, and Ir as BE.
It is clear from Figs. 4(a)-4(c) that similar Ta to O ratios are obtained due to minimal oxygen
scavenging by the BE materials. To obtain a quantitative comparison, we normalized the distance and aligned each EDX profile with regards to the intersection between the respective BE and O signals, then we suggest that the interfacial layer (IL) at the BE/Ta 2 O 5 interface can be estimated using the 10-80% of the BE line profile. It is found that the BE IL thickness increases when the BE changes from Ir to Pt to Ru. These ILs may serve as bottom V O reservoirs which further reduces the operation power by maintaining an asymmetric V O filament structure. 29 To obtain more accurate derivations of the Schottky barrier height, Φ b , at the BE/Ta 2 O 5 interface, we will need to account for the Fermi-level pinning at the interface. Due to the formation of the interface dipole, the metal Fermi level tends to align to the charge neutrality level, Φ CNL of the Ta 2 O 5 layer, which causes the effective metal work function, Φ eff , to differ from the vacuum metal work function, Φ vac.
30-34
The Φ eff of the BE materials can be calculated based on equation (1) calculate the Ф using the following equation (2):
where χ is the oxygen affinity of Ta To obtain a microscopic insight into our results, we perform first principles calculations of the charged oxygen vacancy formation energy in the amorphous Ta 2 O 5 with the different electrode materials. The simulation parameters that are used here are similar to our previous work. 38 We can use the scavenger electrode to set the V O formation energy, E form , in the RRAM devices. This occurs because E form at any arbitrary oxygen chemical potential, μ 1 , is given by equation (3):
where E form (0) is the vacancy formation energy at μ O = 0 eV. Therefore, we can increase the formation energy of the V O by raising the μ O with oxygen-scavenging materials that are more electronegative than the parent metal. The trend is illustrated in Fig. 5(a) . By selecting a metal with low electronegativity as the TE material, the E form can be reduced as indicated by our Ta TE, which has the lowest electronegativity and E form . On the other hand, highest E form is obtained with Ir BE due to Ir having the highest electronegativity among the BE materials. The V O concentration is inversely proportional to the By combining the electrical performance, the chemical composition characterization, and the firstprinciple simulations, we propose a unified model (Fig. 6 ) for oxide-based RRAM electrode design that can be elucidated using the V O migration induced oxygen-deficient conduction filament RS mechanism. 6, [39] [40] The main role of the TE is to create a skewed V O distribution in the Ta On the other hand, with a less chemically reactive TE such as Cr and Ge, less oxygen ions will be scavenged from the Ta In general, the Φ b is inversely proportional to the V O concentration. 43 As shown by our model in Fig. 6 while the TE for TiO 2 based RRAM is either Ti or Al. 44 As for TaO x based RRAM, Ti and Ta are generally chosen for the TE to achieve superior memory performance such as long endurance and fast switching. 2, 17 Secondly, the BE material should have a moderately high E form such that a bottom V O reservoir exists to create an asymmetry in the V O distribution between both electrodes. In this work, as experimentally and theoretically demonstrated, the best candidates for TE and BE in a Ta 2 O 5 memory device are Ta and Ru, respectively.
IV. CONCLUSION
In summary, we provide a comprehensive experimental and theoretical study on the impact of the electrode materials on the RS characteristics in Ta 
